Generally, either intrinsic or foreign defects are harmful to luminescent efficiency of activators because they could compete with activators and trap the excitation energy through nonirradiative transitions.
Long-lasting phosphorescence ͑LLP͒ materials have long been of interest for various displays and signing applications. [1] [2] [3] [4] Blue and green oxide persistent phosphors, such as Sr 4 Manganese ions ͑3d 5 configuration͒ should be expected as an efficient activator for red long persistent phosphors due to their highly efficient luminescence and broad emissive range from 490 to 750 nm in a different host. Many studies on the luminescence behaviors of the Mn 2+ activator have been reported. [6] [7] [8] [9] The 3d 5 multiplet energies of Mn 2+ in crystals depend largely on the covalency interaction with the host crystal or the crystal field, because the 3d electrons of the transition metal ions are the outermost ones. The octahedral coordinated Mn 2+ ion exhibits orange to red emissions. 10 Generally, either intrinsic or foreign defects are harmful to luminescent efficiency of activators because they could compete with activators and trap the excitation energy through nonirradiative transitions. 11 The density of traps plays a key role in the persistent emission of phosphor materials. 3 To improve the phosphorescence intensity and persistent time, the introduction of defects induced by adding auxiliary activators is needed. 1, 12 In this article, the red phosphorescence enhancement of MgGeO 3 :Mn 2+ by codoping Yb 3+ into the phosphor is reported. The initial phosphorescence intensity in the codoped sample is 1 order of magnitude higher than that of the Yb 3+ -free sample, and the persistent time is prolonged from several minutes to 30 min.
Experimental
Sample preparation.-The Mn 2+ -doped MgGeO 3 phosphors were prepared using the traditional solid-state reaction method. Analytical grade GeO 2 , MgO, C 4 H 6 MnO 4 ·4H 2 O, and Yb 2 O 3 were used as starting materials. Those mixed-powder materials were homogenized, thoroughly ground with an agate pestle in an agate mortar, and then sintered at 1250°C for 3 h using alumina crucibles with alumina lids in air atmosphere.
Analysis and measurements.-The X-ray diffraction ͑XRD͒ data were collected by a Rigaku D/max-IIB X-ray powder diffractometer using Cu K␣1 ͑ = 0.15405 nm͒ radiation. The energydispersive X-ray spectrum ͑EDX͒ result was observed by a HITACHI-4800 scanning electron microscope equipped with an EDX.
The photoluminescence ͑PL͒ and excitation spectra as well as phosphorescence decay curves were measured on a Hitachi F-4500 fluorescence spectrophotometer equipped with a 150 W Xenon lamp as the excitation source. The phosphorescence was measured after irradiation by 254 nm UV light for 5 min. The thermoluminescence ͑TL͒ spectra were recorded by heating the irradiated samples from room temperature to 250°C using the FJ-427A TL meter ͑Beijing Nuclear Instrument Factory͒ with a fixed heating rate at 2°C/s. All the measurements were carried out at room temperature except for the TL spectra. with an excitation at 254 nm. 13 A blue emission band centered at 400 nm is attributed to the host. The excitation spectrum monitoring the 650 nm emission consists of a broadband centered at 254 nm and two shoulder bands centered at 209 and 238 nm, respectively. The band centered at 254 nm is due to the transition of Mn 2+ ͓ 6 A 1g ͑S͒ → 4 A 1g ͑F͔͒, and the two shoulders are related to the absorption of the host. In order to explain the emission and excitations related to the host, an undoped MgGeO 3 sample was also synthesized. As shown in Fig. 2b , two peaks centered at 209 and 238 nm, respectively, are presented in the excitation spectrum and a broadband emission peaked at 400 nm on the excitations is observed. The results indeed indicate that 209 and 238 nm excitations belong to the host absorption, and therefore, the MgGeO 3 is a self-activated material.
Results and Discussion
In addition, the excitation at 254 nm for the Mn 2+ doped sample overlaps with the host emission band. An intensity decrease of the host emission at 400 nm on 238 nm excitation is observed compared to that of the Mn 2+ -doped sample, suggesting a possible energy transfer from the host to the Mn 2+ ions. Figure 3 depicts the dependence of PL intensity ͑empty bars͒ and initial phosphorescence intensity ͑shaded bars͒ on Yb 3+ concentration in the codoped sample. The PL intensity in the samples decreases after Yb 2 O 3 is incorporated into the host. The defects introduced by Yb 3+ quench the PL of Mn 2+ . However, the defects act as traps to substantially improve the phosphorescence. As shown in Fig. 3 
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H273 Figure 4 illustrates the time decay curve of phosphorescence in MgGeO 3 :1 mol % Mn 2+ , 0.5 mol % Yb 3+ after irradiation with 254 nm UV light for 2 min. The persistent time is prolonged from several minutes to 30 min. The electron storage capacity of persistent phosphors is related to the trap depth and concentration. The Yb 3+ -doped sample produces more defects that greatly enhance the phosphorescence. As shown in the inset of Fig. 4 , the afterglow spectra are recorded at different times ͑at 2, 3, 4, and 5 min, respectively͒ after the excitation source is switched off. It is found that the center ͑650 nm͒ and the profile of the red LLP emission remain unchanged and are consistent with PL emission under steady excitation. It is indicated that both LLP and PL result from the same 4 T 1g → 6 A 1g transition of Mn 2+ . TL measurements are also performed in order to characterize the traps. The TL spectra of Mn 2+ singly doped and Mn 2+ Yb 3+ codoped samples are shown in Fig. 5 . For the MgGeO 3 :Mn 2+ , one broad thermal peak is observed at 133°C, formed by charge defects created by substituting Mg 2+ by Mn 2+ , which corresponds to the trap depth of 0.69 eV calculated using the variable heating rate method proposed by Hoogenstraaten. 14 For the Yb 3+ codoped sample, beside the peak at 133°C, an additional thermal peak at 44°C is observed, corresponding to the trap ͑depth of the trap is 0.55 eV͒ introduced by Yb 3+ . For LLP material, one critical factor is the suitable trap depth correlated to the TL peaks. 15, 16 The optimized peak is situated slightly above room temperature for better LLP performance. The LLP process will be dominated by the corresponding traps. 1, 17, 18 Therefore, the peak at 44°C due to the electron traps created by Yb 3+ is responsible for the improvement of red LLP of Mn 2+ .
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Possible mechanism of the LLP of MgGeO 3 :Mn 2ϩ ,Yb 3ϩ .-The LLP is due to the thermally stimulated recombination of holes and electrons that are trapped at the metastable states at room temperature. 20 On the basis of the above TL curves and the PL spectra result, it should be thought that one energy transfer from the host to the Mn 2+ ions favors to create the LLP. It can be assumed that free electrons and holes in the sample are generated under UV excitation. 21 One part of the trapped electrons was released by heat at room temperature and turned back to the valence band, giving blue emission. This process has been approved by the PL of the undoped phosphor as shown in Fig. 2b . The majority of electrons stored in the electron traps transfers to the excited state of Mn 2+ ions. 6 Finally, the excited state of Mn 2+ ions decay radiatively into the ground state with the red phosphorescence due to the 4 T 1 → 6 A 1 transition resulting in red LLP of Mn 2+ . The mechanism of the phosphorescence can be formulated in detail using a simplified scheme as shown in Fig. 6 .
However, the electron traps depth is deepish because its relative temperature of TL peak is high at 133°C as shown in Fig. 5 
